Radon (Rn-222; Rn) and Thoron (Rn-220; Tn) from the lowermost atmosphere in Arad, Romania, were investigated from 1993 to 2015. Daytime and nighttime measurements exhibit (i) systematic differences; (ii) large annual variations; (iii) semi-annual and possibly ternary annual periodicities; (iv) amplitudes of the annual and semi-annual periodicities differ between daytime and night-time measurements. The day of year of the summer peak time (SPT) of the annual variation of composite Rn and Tn data depict smoothly covarying SPT patterns separated around 50 days. SPT patterns of daytime and night-time of Rn and Tn depict additional separations of gradually varying multi-year patterns. For both radionuclides, the night-time SPT precedes the daytime SPT-by around 105 days for Tn and around 60 days for Rn. In the case of temperature, the SPT of daytime and nighttime measurements overlap at around day 195. Thus, for Rn and Tn, daytime and night-time differences depend on the time of measurement within the 24 h cycle. This implies that Rn and Tn measurements are influenced by the rotation of the Earth around its axis. It is suggested that these relations, observed in coexisting Rn and Tn, are a further indication for a solar (extraterrestrial) influence on nuclear radiation, previously suggested for radon.
Introduction
Radon (Rn-222; Rn) and thoron (Rn-220; Tn) are radioactive noble gases derived, respectively, in the nuclear decay chains of U-238 and Th-232 with halflives of 3.82 days (Rn) and 55 s (Tn) of the short-time progeny. The estimated errors for the activities are 3-11% for 222 Rn and 2-25% for 220 Rn [4] . For processing, the date of the measured data was converted to decimal days where day 0 = 1.1.1992, as presented in electronic supplementary material-1. This decimal time scale (as used by the GSI) is convenient for the numerical processing of geophysical time series. The dataset of each time series was normalized.
Results
Florea & Duliu [4] presented initial results on an 18 year (1993-2010) long and continuous time series of coeval measurement of radon and thoron in the lowermost atmosphere. Extended time series are used and re-examined for indications of an influence of a component in solar radiation. The possibility of such influence in radon was first raised based on observations from the geological environment [5, 6] and later substantiated in laboratory simulation experiments [3, 7] .
For an overview, the separate daytime and night-time series were recombined to a single composite time series consisting of two measurements per day. In the upper plots, figure 1 presents the overall variation pattern of Rn and Tn over 23 years. The observed highest peaks occurred on 4 December 2000 and 28 September 2011. The normalized values, shown in the lower plots, indicate an overall similar relative variability (similar scale of y-axis) in spite of the large difference in count rate (upper plots). Figure 2 presents the detrended and normalized time series of the same data separated to the daytime and night-time data. It shows similar variation patterns in both time series.
Using data collected in the years 1993-2010 Florea & Duliu [4] showed, for Rn and Tn at the annual scale, that systematically different radiation patterns occur at night-time and daytime. This feature is further elaborated below. Figure 3 presents the time series of daytime and night-time measurements in the years 1993-2015. These plots correspond to the plots in figure 1 of Florea & Duliu [4] . For both radioactive isotopes, the overall night-time values are high relative to the daytime values. Spectra (FFT) of the de-trended and normalized values are shown in figure 4 for the composite time series and in figure 5 for the separated daytime and night-time measurements. The annual variation (1 yr −1 ) is the dominant frequency in all sets. Further periodicities are evident: (i) a semiannual (2 yr −1 ) in Rn-daytime and in Tn; (ii) a ternary annual (3 yr −1 ) periodicity in Tn, both at daytime and at night-time. Comparison of daytime and night-time power spectra of Rn indicates a significantly stronger (×2) annual periodicity at night-time, and a relatively stronger semi-annual periodicity during daytime. The annual periodicity of Tn is also significantly stronger (×5) at night-time, and a clear semi-annual periodicity is indicated (and possibly also ternary annual periodicity).
The temporal variation patterns of Rn and Tn show a maximum in summer. The specific timing, within the annual scale (year), of the primary annual variation is examined below. The summer peak time (SPT) is determined within each annual cycle and presented as the day of year (DOY). To this end, the annual variation was derived from the time series of the normalized values. Using the continuous wavelet transform (CWT; Morlet 8 wavelet) allows a good location in time of the summer maxima at a frequency of 1 yr −1 . This variation was reconstructed in the range of 0.950-1.028 yr −1 , which overlaps the periodicity of 1 yr −1 . The CWT reconstruction of the annual signal for the composite measurements for Rn and Tn is shown in figure 6 (1992-2011) . A clear time offset is observable over the whole time range, with the Tn signal preceding the Rn signal. Using these curves, the timing of the SPT is extracted from the annual maximum. Figure 7 shows for the composite time series of Rn and Tn the variation of SPT in an interval of 18 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) The CWT reconstructed time series of the annual variation is used to determine the maximum in summer presented as the DOY of the SPT in each year (table 1) . Figures 7 and 8 show the variation of DOY of Rn and Tn over the span of 23 years. Rn and Tn depict non-random smoothly covarying DOY patterns separated by around 50 days. Moreover, multi-year and longer-term variation are also observed. As a remark at this early stage-if the dissimilar DOY patterns are confirmed with further observations-this may be related to different properties of the nucleus of Rn and Tn and their response to the assumed remote influence.
A similar analysis procedure was applied to the daytime and night-time series of Rn and Tn (figure 3) as well as ambient temperature (table 2) . Using a joint DOY scale, figure 8 presents a other hand, the SPT patterns of Rn and Tn show markedly different patterns. In all cases of Rn and Tn gradually varying multi-year patterns occur. The separation among variation patterns of the composite measurements of Rn and Tn (figure 8a) is accompanied by a further separation among the daytime and night-time measurements ( figure 8b,d ). In the case of both these components, the night-time DOY precedes the daytime DOY, around 105 days for Tn and around 60 days for Rn (table 2) . This result clearly demonstrates that the determination of the DOY depends on the time of measurement within the 24 h cycle. A 24 h periodicity is a fundamental feature of the EarthSun system. Thus the dependence on the time of measurement (at a 24 h scale) implies that Rn and Tn measurements are influenced by the rotation of the Earth around its axis.
Discussion
For several decades radon (and thoron) in air have studied in natural environs and in dwellings. Large temporal variations are recorded consisting of periodic signals of annual and daily scale as well as non-periodic signals of mainly multi-day scale. These signal types have similarity with variations encountered in atmospheric parameters, primarily temperature and pressure. This similarity and the fact that radon is hosted in air led investigators to assume a connection between variability of radon and variation patterns of atmospheric parameters. The general approach and assumption of atmospheric variation as drivers of radon variability turns out to be highly unclear when assessing the large accumulated sets of observations from very different scenarios. Cases interpreted to be indicate of positive, negative and non-correlation for the influence of P and T are abundant. Analysis of measurements relied mainly on visual inspection in the time domain, rarely in the frequency domain. Correlation diagrams (when applied) led to inconclusive patterns which certainly cannot be interpreted to prove causality. In these works, such conclusions are assumed as there is no other frame of interpretation. Substantial evidence especially in terms of experimental simulation is not presented. The disconformity in the raised interpretation is recognized in some of works, leading even to the statement that radon variability is 'unexplainable' and therefore also useless. Extensive investigations at the GSI indicated the need for a different approach. A discussion of the issue is detailed in electronic supplementary material-2.
The derived analysis patterns in time and frequency domains portray systematic multi-year variations of two radioactive noble gas components in the lowermost atmosphere, which are derived in two independent nuclear decay chains. They indicate that the measurements/results cannot be attributed to reflect an instrumental (measurement) artefact. Furthermore, the patterns cannot be attributed to influence environmental atmospheric parameters, such as temperature or pressure. The clear manifestation of a semi-annual (and possibly a ternary-annual) periodicity alongside the annual periodicity supports this view. Nuclear radiation from Rn and Tn contains a large annual signal which is manifested relatively strongly in daytime measurements. The phase of the annual signal, mirrored in the SPT, varies gradually at a multi-year scale for each radionuclide. The composite daily variation of Rn and Tn demonstrates a significantly different phase. The phase (SPT) of the composite measurements is composed of distinctly separate variation patterns when examined for daytime and night-time measurements. The occurrence of a day-night effect in Rn and Tn clearly indicates a relation to the rotation of the Earth around its axis. These considerations suggest that the observed variation of Rn and Tn does not reflect a simple variation of their concentration but probably rather a variation of nuclear radiation from Rn and Tn in the atmosphere.
The overall time-varying patterns of SPT and their relations suggest the influence of a component in solar radiation. The specific considerations leading to this assumption are:
(1) non-relation to atmospheric variation (2) different SPT for Rn and Tn (3) indication for a daily modulation of the annual variation, due to the rotation of the Earth around its axis. 
25-upcoming-forecast).
Our data show that the highest peaks occurred on 4 December 2000 and 28 September 2011, corresponding to peaks in sunspot activity. This observation supports our inference that the periodicities we have detected in our Rn-222 and Rn-220 data have an extraterrestrial influence.
The outcome of this study should be evaluated in the frame of the overall characteristics of the radon signals in geogas. Extensive investigations performed in Israel led to raising the unconventional possibility that the periodic components (daily, annual) of the variation are linked directly to the rotational relations of the Earth-Sun system [5, 6, 8] . This conclusion led to the suggestion that a component (unidentified) in solar radiation influences these signals-i.e. an extraterrestrial influence. Results, performed along similar lines, from field sites outside Israel [9, 10] long-term multi-sensor reference experiment (EXP #1), acquiring data at a resolution less than 1 h. Using time series spanning 3.5 years a linkage of radon signals in the simulation experiment and in geogas is established, based on similar geophysical statistical characteristics of the signals in the time, frequency and frequency-time domains [3, 14, 15] . The results of the simulation experiments indicate again, and probably also confirm, that a component in solar radiation influences the periodic signals in radon time series.
The outcome of the present investigation conforms with the above-mentioned recent observations on the Rn system in the geological environment and in laboratory simulations. This investigation indicates in addition:
(1) Observation of eventual solar influence is extended also to Thoron, in addition to radon.
Thus, such processes are not unique to radon. (2) Decay of Rn and Thoron occurs in separate and independent radioactive chains. This further opens the possibility that other isotopic species are also influenced by solar radiation. (3) The specific response of Rn and Tn to the solar influence indicates that this may be related to different intrinsic properties of the nucleus of Rn and Tn and their response to the assumed remote influence.
